AN ELECTRON MICROSCOPE STUDY OF THE EARLY ASSOCIATION BETWEEN TWO MAMMALIAN VIRUSES AND THEIR HOSTS by Dales, Samuel
AN ELECTRON  MICROSCOPE  STUDY  OF 
THE  EARLY  ASSOCIATION  BETWEEN  TWO 
MAMMALIAN  VIRUSES  AND  THEIR  HOSTS 
SAMUEL  DALES, Ph.D. 
From The Rockefeller Institute 
ABSTRACT 
Early interaction between two animal viruses,  vaccinia and adcnovirus 7, which multiply 
readily in L strain and HcLa cells, respectively, was examined in both whole mount prepara- 
tions and in thin sections. To observe the association at the surface, cells carrying adsorbed 
virus were swelled  under controlled conditions and then "stained" with neutral phospho- 
tungstate. Each particle of both virus types becomes attached to the cell by several capso- 
meres and is then ingested by phagocytosis.  Within the cell, near the surface, single particles 
or  small clumps of adenovirus are lodged within vesicles.  Deeper in the  cytoplasm this 
virus is packed in large, numerous inclusions, whereas very close to the nuclear envelope 
only free  particles are found. Vaccinia, on the  other  hand, either free  or in vesicles,  is 
always found in the cytoplasm, at some distance from the nucleus (11).  Adsorption and 
intracellular disposition of these two viruses is discussed in relation to the infectious process. 
INTRODUCTION 
Commencing with  the  studies  of Anderson  (3), 
followed  by those  of Williams (49),  Kcllcnbcrger 
(48),  Garen and Kozloff (17),  and their associates 
the electron microscope was employed successfully 
in elucidating the mechanism of infection by some 
bacterial viruses to a  point wherc today wc have 
a fairly clear understanding of the process  which 
brings about the initiation  of phage infection. The 
sequence of events reconstructed from  examples 
visualized following tail adsorption to the bacterial 
wall was in agreement with results from the basic 
experiments  of  Hershey  and  Chase  (23)  which 
demonstrated  that  the  deoxyribosc  nucleic acid 
(DNA) is injected into the host whereas the pro- 
tein coat of the infecting particle is left out. Thus 
a  significance in  the  biological function of  the 
various  components  of  the  bacteriophage  was 
established. Similar observations on animal virus 
systems  are  unfortunately lacking, no doubt be- 
cause  the  methods  used  for  handling  bacteria 
were, heretofore, not available for use with animal 
cells.  In the last few  years,  however,  techniques 
have  been  developed  for  growing  mammalian 
cells  in suspension as  single units  (46),  thereby 
facilitating almost simultaneous infection of nearly 
all of the cells in a culture and permitting accurate 
and  reproducible  sampling and  enumeration of 
cells and virus. 
Lack of information about animal viruses might 
also  be  ascribed  to  inadequate  electron  micro- 
scopic techniques, for in the  bacterium-bacterio- 
phage system the host is relatively small and can 
he examined in its entirety at a high magnification; 
the virus consists  of several morphologically dis- 
tinct parts, each of which was identifiable by the 
techniques employed even a  decade  ago.  Mam- 
malian cells, on the other hand, are large and the 
viruses which multiply in them appeared  to be de- 
void of any surface fine-structure when examined 
following shadow-casting techniques, so that clues 
were lacking as  to how  the virus and cell might 
interact.  At  present  we  know,  however,  from 
303 observing viruses in the electron microscope,  after 
they  have  been  "negatively  stained"  by  the 
method introduced by Huxley  (27)  and employed 
extensively  by  Horne  and  his  collaborators  (9), 
that  a  number  of  these  viruses  possess  shells 
termed "capsids"  composed of regularly arranged 
maeromolecular  units  or  "capsomeres." 
In the present study,  dealing with the initiation 
of infection by two animal viruses, advantage was 
strain (44), which is of murine origin, and the HeLa 
strain (18), originating from a human cervical tumor 
and adapted  for growth in suspension by Microbio- 
logical Associates,  were  propagated  in suspension in 
roller tubes (46). 
MEDIA:  Routinely,  cells  were  grown  in  either 
CMRL  1066  (22)  or  Eagle's  MEM  medium  com- 
pounded  for  use  with  suspension cultures  (13),  and 
each defined medium was supplemented with  10 per 
cent of a  non-toxic horse serum.  For preparation of 
I~GURE 1 
An example showing a  mixture of adenovlrus 7  (V) and latex spheres  (L) in a  typical field such as those 
on which counts were made.  X  80,000. 
taken  of  both  these  new  methods  for  handling 
cells  in  suspension  and  for  examining  surface 
detail  by  "negative  staining."  The  surface  inter- 
action  between  host  ceils  and  virus  was  studied 
in  whole  mounts,  whereas  the  intracellular  posi- 
tion of the virus was  observed in thinly sectioned 
cells. 
MATERIAL  AND  METHODS 
CELLS:  Two permanent cell lines were employed: 
the  Im  line  (42),  derived  from  a  clone  of Earle's  L 
lysates  for  virus stocks  and  in  all  experimental cul- 
tures,  Eagle's  MEM  medium  supplemented  with  5 
per cent foetal calf serum  (Colorado)  was used. 
PREPARATION  OF  VIRUS:  Vaccinia  virus,  ob- 
tained  originally from  Dr.  T.  Hanafusa,  which  can 
be propagated  readily  in L  cells,  was  purified from 
lysates  by  methods  described  before  (11).  Stocks  of 
adenovirus type 7 (kindly supplied by Dr. G. C. God- 
man and by Dr. H. S.  Ginsberg) were prepared from 
frozen and thawed lysates of infected HeLa  cells by 
procedures  previously  used  (l l),  employing  several 
cycles of differential centrifugation at various speeds 
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treatment  in  a  Raytheon  10  KC  sonic oscillator.  In 
the last step the virus was spun into pellets at 104,000 g 
for  1  hour  and  then  resuspended  in  either  Eagle's 
MEM  medium or 0.25 M ammonium acetate solution. 
METHOD  USED  FOR  INFECTING  CELLS  AND 
SAMPLING:  To examine the early steps of infection 
of L  cells  by  vaccinia,  conditions  identical  to  those 
described  previously were  employed  (11).  To  follow 
similarly early steps in the infection with adenovirus, 
about  107  cells  were  suspended in  5  ml  of nutrient 
medium containing approximately 3.0  X  108 plaque- 
forming units (PFU's) of virus and the suspension was 
agitated  at  37°C in a  test tube mounted on a  drum 
revolving at 60 RPM. Three consecutive samples were 
withdrawn from the tube at hourly intervals and pre- 
pared  for  examination  as whole mounts, or  else  the 
cells,  pelleted  at  1,000  RPM, were  processed  for  thin 
sectioning, whereas the supernatant fluid was assayed 
for unadsorbed virus. 
ASSAYS  FOR  INFECTED  PARTICLES:  Concen- 
trations  of adenovirus  7  were  determined  on mono- 
layers  of  H.Ep  ~2  cells  (35).  Adsorption  of  the 
plated  virus for  2  hours was followed  by addition  of 
10 ml of a nutrient-medium agar overlay, as described 
by Wassermann (47).  After 9  days'  incubation  5  ml 
of a second agar-medium overlay, containing neutral- 
red,  was added and the plaques were finally counted 
on the  16th day. 
ELECTRON  MICROSCOPY 
a)  COUNTING  VIRUS  PARTICLES:  Adenovirus 
particles were  counted by a  new procedure  incorpo- 
rating two techniques, of "negative staining" (9), and 
of dialysis through formvar membranes, as developed 
by Pinteric  (40).  A  mixture was prepared containing 
one  volume  of  partially  purified  virus  in  0.25  M 
ammonium acetate,  at neutral  pH,  plus one volume 
of a  suspension of 880 A  latex spheres of a  predeter- 
mined concentration, plus two volumes of a  2 per cent 
solution of sodium phosphotungstate, at neutral  pH. 
Previously  a  supporting  film  was  mounted  on  gold 
mesh grids  lying on  top  of a  sintered  glass disc,  as 
follows: the disc with several grids on its surface was 
immersed  in  a  Bfichner  funnel  filled  with  distilled 
water; a  formvar film was floated on the surface and 
lowered onto the grids by draining the funnel. Water 
evaporated  slowly  from  the  sintered  glass  and  the 
formvar became tautly applied to the grids. Now the 
sintered glass was soaked, up to the level of the grids, 
in 0.5 per cent sodium phosphotungstatc solution and 
one large droplet  (I  to 2 X) of the virus-latex "stain" 
mixture was  placed  on  each  grid.  Since  the  "stain" 
concentration was equal above and below the mem- 
brane  and  evaporation  from  the  sintered  glass  was 
very  gradual,  the  desired  quantity  of stain  was  de- 
posited evenly on the film,  thereby  delineating very 
clearly  each  latex  and  virus  particle.  As  may  be 
.judged from the example shown in Fig.  1, virus could 
easily be distinguished morphologically from the latex 
particles  and counted readily. 
b)  PREPARATION  OF  WHOLE  MOUNTS  OF 
VIRUS-INFECTED  CELLS:  In  preparing  whole 
mounts it was desirable to expose as much of the cell 
surface as possible,  free  of all  underlying  particulate 
matter,  to  reveal  clearly  in  three  dimensions  any 
association between cells and virus. 
For  this  purpose  cells  in  suspension, contained  in 
samples  removed  from  cultures  at  intervals  after 
inoculation, were swelled under controlled  conditions. 
Briefly, to each sample of 106 cells contained in 0.5 ml 
of nutrient medium were added 2.5 ml of a  hypotonic 
saline  solution  (25  per  cent  Earle's  saline  (14)),  in 
aliquots of 0.5 ml and at 2-minute intervals. Follow- 
ing the addition of 0.2 ml of a  2  per cent solution of 
osmium tetroxide,  the suspension of swollen cells was 
fixed  for  30  minutes  at  4°C.  Thereupon,  the  cells 
were  pelleted  at  1,000 RPM for  5  minutes and resus- 
pended in 0.2 ml of distilled water.  Droplets of these 
cell  suspensions  were  placed  on  formvar-carbon 
coated grids and allowed to remain undisturbed for 1 
TABLE  I 
Disappearance of Infectious Adenovirus 7 from the 
Supernatant of Suspension Cultures 
Hours  after  inoculation  Plaque-forming  units 
0  1.1  X  10  7 
1  4.2  X  106 
2  2.0  X  106 
3  1.0  X  106 
minute to permit a  portion  of the cells to settle out. 
Most of the liquid was then absorbed by filter paper 
and  replaced  immediately by  a  drop  of 2  per  cent 
solution of sodium phosphotungstate which,  in turn, 
was left on the grid for 1 minute and then withdrawn. 
Purified virus was examined by the negative-stain- 
ing technique of Brenner and Horne  (9). 
C)  PREPARATION  FOR  THIN  SECTIONING; 
Cells  were  prepared  for  thin  sectioning  by  being 
peflcted,  fixed,  and  dehydrated  using  the  conven- 
tional  techniques  (37).  For  embedding,  epoxy-resin 
mixtures, as described by Luft  (31),  were employed, 
and  contrast  of thinly  sectioned  cells  was  increased 
by  "staining"  with  a  solution  containing lead  salts, 
developed recently by Millonig  (34). 
RESULTS 
Quantitative  Aspects of Adenovirus  7 
Infection  of HeLa Cells 
RATIO OF PHYSICAL TO INFECTIOUS UNITS 
Two  independent  preparations  were  counted  to 
determine  the  concentration  of  physical  virus 
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out  to  ascertain  the  number  of  infectious  units 
per ml. From these assays it was found that 7.5  X 
107  PFU's per  ml were equivalent to  1.5  X  101° 
physical  particles.  Therefore,  the  ratio  of  infec- 
tious  to  physical  units  must  be  1:200.  In  these 
preparations,  empty  or  incomplete  particles  of 
virus  were  routinely  present.  Since,  however, 
these  incomplete  particles  constituted  only about 
15 per cent of all viruses in these suspensions,  they 
account  for  only  a  small  fraction  of  "non-infec- 
tious" virus. 
RATE OF VIRUS ADSORPTION 
Infectious virus disappearing from the supernatant 
of suspension  cultures  was assumed  to have  been 
adsorbed  to  the  cells.  Therefore,  the  data  pre- 
sented  in  Table  I  show  the  time-course  of virus 
adsorption.  From  these  it is  clear  that  over one- 
half of the  virus  particles  became  cell-associated 
in  1 hour, over 80 per cent in 2 hours, and  nearly 
all of them had  been adsorbed  by 3 hours. 
MULTIPLICITY OF INFECTION 
To  increase  the  chance  of  observing  the  early 
virus-cell association  in  a  large proportion  of the 
ceils, a high multiplicity of infection was employed. 
Thus  about  6.3  X  l01°  particles  (equivalent  to 
approximately  3.2  ×  l0  s  PFU's)  were  mixed 
with  1.7  X  i07 cells in suspension  cuhure,  giving 
an average inoculum of about  3,700  particles per 
cell.  From the adsorption  data  shown in Table  I 
and from the ratio of physical to infectious parti- 
cles, it can  be estimated  that  in  1 hour following 
inoculation  an  average  of  about  2,000  virus 
particles  per  cell  had  become  cell-associated,  at 
2 hours  about 3,000  and  at  3 hours  nearly 3,400 
particles  per  cell  had  become  adsorbed.  These 
quantitative  estimates  correspond  to  the  relative 
quantities of cell-associated virus found by morph- 
ological examination,  as shown below. 
The Surfaee Interaction of Vacelnia with 
L  Strain Cells 
By  examination  of  thinly  sectioned  infected 
cells it was  shown  in  a  previous  study  (11)  that 
vaccinia  is  transferred  into  the  cytoplasm  of  L 
cells by being phagocytized at the cell membrane. 
The  virus  was  found  to  remain  morphologically 
intact  for  less  than  2  hours.  To  obtain  further 
information about the vaccinia-L cell interaction, 
in the present study the surface association between 
this virus and its host cell was examined. 
The  fine  structural  detail  of the  virus  surface 
was  studied  in  preparations  of partially  purified 
vaccinia  following  "negative  staining."  An  ex- 
ample illustrating a  group of particles prepared in 
this way is shown in Fig. 2.  On the surface of each 
virus  are  numerous  long  rodlets  or  cylindrical 
structures, each about 500 A  long and  70 A  wide. 
In  some  particles  the  cylinders  appear  to  be 
hollow  at  their  center,  being  filled  with  dense 
material,  presumably  the  heavy-metal  stain, 
occupying  about  20  A  of  the  width  of  the  tu- 
bules, so  that  the denser material  comprising  the 
cylinder  walls  is  about  25  to  30  A  in  width. 
Examples  of  such  cylinders  are  shown  in 
Figs. 3 and 4. 
In these purified preparations  10 to  15 per cent 
of the particles appear to be "empty" or damaged 
and  two such are shown among the group of vac- 
cinia  illustrated  in  Fig.  2.  Unlike  the  complete 
forms,  these  viruses  appear  flattened  and  dense, 
having  become smeared  over with  phosphotung- 
state.  At  the  periphery  of  these  dense  particles 
there is a  row of "compartments," each filled with 
dense  material,  arranged  somewhat  like  the 
peripheral  depressions  on  a  roulette  wheel.  The 
FIGURE 
A  group of vaccinia virus from partially purified suspensions,  prepared  by "negative- 
staining."  Rodlet-like structures  are  present  on  the  surface  of most  particles.  Two 
particles, marked EV, appear flattened and are devoid of any regular surface  structure 
except for that indicated at the periphery by arrows.  X  127,000. 
FIGURES  3 AND 4 
Two examples of vaccinia prepared by negative staining, in which the  arrangement  of 
the  tubules  is  clearly  evident.  Arrows  point  toward  several  hollow  cylinders. 
X  210,000 and  X  250,000. 
306  THE JOURNAL OF  CELL BIOLOGY  •  VOLUME 13,  196e S.  DALES  Two Mammalian Viruses and Their Hosts  307 similarity of these "compartments  ~  to  the surface 
units which  are visible in complete  vaccinia sug- 
gests  that  they  are  tubular  units,  perhaps 
damaged  or  malformed.  The  possibility  should 
not be overlooked  that in these flattened particles 
a  subjacent  coat,  rather  than  the  "capsid,"  is 
being visualized. 
Three  examples  showing  an  early  virus  and 
cell  association,  one hour after inoculation of the 
culture, are illustrated in Figs. 5 to 7. As is evident 
from  these,  the  particles,  whether  complete  or 
"damaged,"  are being engulfed by the cell mem- 
brane.  In  Fig.  7  the  close  contact  between  the 
virus and cell surface is most clearly evident. 
The Surface Interaction of Adenovirus 7 
with HeLa Cells 
Experiments  similar  to  those  made  with  vac- 
cinia were carried out using adenovirus. The char- 
acteristic  appearance  of  "negatively  stained" 
particles is illustrated in Figs.  8  to  10.  The capsid 
or  outer  shell  of  this  virus  is  also  composed  of 
tightly  grouped  hollow  capsomeres  of  approxi- 
mately the same width as tubules of  vaccinia but 
generally only  100  A  long.  The  hollow nature  of 
the  capsomeres  can  best  be  discerned  in  the 
particle  shown in the insert of Fig.  8. 
The  ability  of  these  surface  units  to  become 
stretched is indicated by their variability in length 
when  adenovirus forms  aggregates,  such  as  those 
illustrated  in  Fig.  9.  Particle-to-particle  contact 
is  established  by  crossQinking of the  capsomeres, 
as illustrated in Fig.  10. In this case the capsomeres 
are  150  to  200 A  in length and  taper from their 
point of insertion on the virus to their tip of con- 
tact,  forming  the  cross-link.  In  some  cases,  five 
points  of  contact  were  evident  between  two 
particles in a  group,  and in some instances also  a 
single  capsomere  was  linked  to  two  capsomeres 
from  an  adjacent  virus.  When  several  bridges 
formed  between  two  neighboring  particles,  con- 
tacts  at  the  tips  of  capsomeres  were  not  always 
formed  sequentially,  so  that,  for  example,  the 
third capsomere in a  row of five might be in con- 
tact  with  the  fourth  member  of a  series from  an 
adjacent  virus,  giving  rise  to  an  overlapping  of 
contacts  and  a  twisting  of  the  extended  capso- 
meres. 
Examination  of  whole  mounts  of  IteLa  cells 
2 hours after inoculation of the cultures with high 
virus multiplicities showed the presence of numer- 
ous  virus  particles  lodged  within  depressions  or 
cups formed  by the cell membrane,  as  illustrated 
in Fig.  11.  At the rim of each cup the membrane, 
forming a  ridge  100 A  wide,  was  tightly apposed 
to each hexagonal virus particle. The morphologi- 
cally normal particles were  being engulfed in the 
same  manner  as  the  incomplete  or  damaged 
forms.  At this time,  virus was seen in association 
with about three-quarters of the cells examined in 
whole  mounts.  Generally,  either  single  particles 
or groups of two were observed on the cell surface. 
Larger groups of three to six particles in a  clump 
were  encountered  only very rarely. 
Since  most cells were  observed  to  be  engulfing 
numerous virus particles 2  hours after inoculation 
whereas  similar  uptake  of  virus  was  found  only 
very rarely in cells sampled  1 hour earlier,  a  con- 
siderable  period  for  attachment  of  adenovirus, 
as shown in the three examples  of cells preserved 
1 hour after inoculation of the  cultures  (Figs.  12 
to  14),  must  precede  phagocytosis.  In  all  cases 
each particle was attached by several capsomeres, 
and  in  one  instance,  at  least,  nine  capsomeres 
Figs 5 to 7 illustrate in  three  dimensions  the  early interaction between  vaccinia  and 
L  cells. 
FIGURE 5 
Threc particles are lodgcd in a  pocket formed by invagination of the cell  membrane 
1 hour after adding virus to the culture.  X  64,000. 
FICHE  6 
An empty or incomplete particle is shown lodged on the cell membrane (arrow). The 
cell was sampled 30 minutes after adding the virus inoculum to the culture.  X  53,000. 
FIGURE 7 
A large clump of vaccinia being phagocytized 1 hour after mixing virus with the cells. 
Contact between the membrane and the virus surface is indicated by arrows. Note the 
incomplete particle on the far right of the micrograph.  X 141,000. 
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the cell surface.  As already described for virus-to- 
virus  attachment,  capsomeres  forming  virus-to- 
cell contact were also elongated, tapering towards 
the  points of contact,  being frequently curved  or 
bent, as illustrated in Figs.  12 and  14. 
Unfortunately, thus far the technique employed 
here has not revealed the morphological character 
of the receptor  sites.  As  may  be seen in  Figs.  14 
and  15,  the  only  cell  material  observed  in  these 
whole  mounts  was  a  felt-work  of  fine,  fibrous 
elements 30 A  wide  and of indeterminate length, 
although some  fibrils were  at least  1,000 A  long. 
At  present,  it is  not clear  whether some  of these 
fine fibrils belong to the structure of the cell mem- 
brane  or  whether  they  are  all  a  part  of  a  sub- 
membranous  supporting  or  contractile  network. 
In an attempt  to establish specificity of adeno- 
virus adsorption to its host cells it was found that 
adenovirus 7 also was adsorbed readily to L  cells, 
as shown in the example of Fig.  15. 
Intracellular  Fate of Adenovirus in 
HeLa Cdls 
The  intracellular disposition of adenovirus was 
studied  in  thin  sections  of  cells  sampled  at  the 
same  intervals  after  inoculation  as  cells  for  the 
whole  mount preparations.  In about one-third of 
the  cells,  virus  particles  were  found  adhering  to 
the  cell  membrane  1  hour  after  cells  and  virus 
were  mixed.  One  example  showing  a  portion  of 
the  cell  with  three  viruses  on  its  membrane  is 
shown in Fig.  16.  Preparation for  thin sectioning 
had  not  altered  the  shape  of  these  hexagonal 
particles, and their diameter,  about 700 A  on the 
average,  remains unchanged from that of unfixed 
particles  examined  by  "negative  staining."  The 
fine  structure  also  appears  to  be  unchanged.  In 
sectioned  material,  however,  the  capsomeres  are 
more,  not less, dense than the material surround- 
ing  them,  as  may  be  seen  in  the  two  particles 
shown  at  a  high  magnification  in  Fig.  17.  The 
number of particles associated with any particular 
sectioned  cell  was  variable,  as  was  expected. 
Generally,  more  than  ten  particles  were  evident 
and  in  one  sample  the  membrane  was  studded 
with  about  fifty  viruses.  In  only  a  few  instances 
vesicles with virus particles were observed imme- 
diately below  the peripheral cell membrane. 
Two  hours  after  inoculation  adenovirus  was 
present  in  the  cytoplasm  at  all  depths  from  the 
surface  to  the  nucleus.  Cell-associated  particles 
were  now  evident  in  about  one-half of the  cells. 
In the example  given in Fig.  18,  two single par- 
ticles  may  be  seen  within  membrane-bounded 
vesicles near  the surface.  Groups  of more  than a 
few  particles  were  never  encountered  within 
vesicles  close  to  the  cell  surface.  Deeper  in  the 
cytoplasm,  however,  larger  membrane-bounded 
particles,  each  containing large  virus  aggregates, 
were  present in  about one-third  of the  sectioned 
cells. A  single such virus inclusion is shown in the 
cell illustrated in Fig.  18. Three hours after inocu- 
lation a  larger proportion of cells contained virus 
inclusions,  as  illustrated  in  Fig.  19. 
In  each  instance  a  dense  membrane,  equal  in 
width to the cell membrane, surrounded  these in- 
clusions (Figs.  18 to 20).  In some of them a  second 
membrane,  also  of  the  same  width,  was  present. 
The  material  within  these  virus  packets  was 
finely  granular  and  denser  than  the  cytoplasm, 
but  less dense  than  the virus  particles  embedded 
in  it.  Packing  the  adenovirus  within  the  inclu- 
sions was tight, like that of the grouping observed 
FIGURE 8 
Adenovirus  7  particles  from  a  partially  purified  suspension  prepared  by  "negative 
staining."  Several  empty  or  incomplete particles  are  lying on  the  lower  left side  of 
the field. A  single particle shown at a  higher magnification in the insert at the upper 
right corner shows the hollow cylindrical capsomeres.  X  155,000.  Insert,  X  335,000. 
FIGURE 9 
A compact group of adcnovirus 7 particles prepared by "negative staining." X  148,000. 
FIGURE 10 
A group similar to that shown on the left but at a  higher magnification. The print was 
purposely  underdeveloped  to  emphasize  the  capsomeres  projecting  beyond  each 
particle and forming cross-bridges.  X  326,000. 
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ing  (see Figs.  9,  10).  Although within  inclusions, 
such as the one shown in Fig.  20,  adenovirus pos- 
sessed  the  same  center-to-center  diameter  as  iso- 
lated  and  unfixed  particles,  the  inter-particle 
bridges  formed  by  the  capsomeres  could  not  be 
clearly resolved. However, in the sectioned aggre- 
gates  each  particle  appeared  to  be  separated 
from  its  neighbor  by  a  much  more  transparent 
zone,  indicating  that  probably  within  the  cyto- 
plasmic  packets  capsomere  bridges  also  connect 
virus particles. 
Dividing cells,  present  in  the  cultures  2  hours 
after inoculation,  also had virus adsorbed  to their 
outer  membrane  as  well  as  intracytoplasmic 
packets of virus, shown in the example in Fig. 21. 
Rarely,  in  only  a  few  per  cent  of  thinly  sec- 
tioned  cells  sampled  2  hours  after  inoculation, 
virus  particles lying freely in  the  cytoplasm were 
found  immediately  adjacent  to  the  nuclear  en- 
velope  (see  Figs.  22,  24).  The  diameter  of these 
juxtanuclear  particles  was  the  same  as  that  of 
isolated  virus  and  their  morphology  appeared  to 
be  unchanged.  The  dense  granular  material 
shown  within  an  invagination  of  the  nuclear 
surface  may  be  a  virus  particle  penetrating  into 
the  nucleus  (Fig.  22).  Examples  of dense,  intra- 
nuclear particles,  such as  those shown in Fig.  23, 
were  found  in  an  even smaller  proportion  of all 
cells examined.  Since these intranuclear  particles 
were  variable  in  size,  although  always  smaller 
than  adenovirus,  and  possessed  no  characteristic 
morphology,  it  is  uncertain  at  present  whether 
they  are  the  virus  which  has  become  nucleus- 
associated.  The  diagram  in  Fig.  25  summarizes 
schematically  the  above  observations  on  adeno- 
virus  7  adsorption  and  penetration  into  HeLa 
cells.  In view of the  uncertainty  attendant  upon 
the  recognition  of  certain  intranuclear  particles 
as  the virus, the  last step in  this scheme requires 
substantiation. 
DISCUSSION 
Significance of the Observations 
A  primary  consideration  is whether  the  events 
described  in  this  study  do  or  do  not  represent  a 
process  of  viral  infection.  The  adequacy  of  the 
FIauRES 11 AND 1~ 
Whole mounts  illustrating in  three  dimensions  the  early interaction between  adeno- 
virus 7 and HeLa cells. 
FIGURE 11 
A  large  area  of the  cell surface,  including several microvilli (MV), with  which  are 
associated numerous virus particles.  Note the cupping of the membrane  around  each 
particle.  Three empty or incomplete viruses,  indicated by arrows,  are also enveloped 
by the cell membrane. The ceU was sampled 2 hours after adding virus to the culture. 
X  50,000. 
FIGURE 1~ 
Portion of a  microvillus with two adsorbed  virus particles.  Contact  bctwcen the cell 
membrane and capsomeres of the upper particle is also illustrated at a higher magnifi- 
cation  in  the  insert  (above).  Sample  taken  1  hour  after  mixing  virus  with  cells. 
X  145,000.  Insert,  X  375,000. 
FIGURE 13 
A  single particle adhering to the cell membrane  (on the left)  which  has  become in- 
vaginated below it.  Cell from a  sample  withdrawn  1 hour after adding  virus to the 
culture.  X  120,000. 
FIGURE 14 
Another  example illustrating  contact  between  the cell surface  and  capsomcres.  The 
granular material in the background is a portion of the cell underlying thc microvillus 
with its attached virus.  X  270,000. 
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quantitative  assays  which  show  that  adsorption 
kinetics of adenovirus type 7 from high concentra- 
tions  (5  X  107  PFU's/ml)  are  the same  as  those 
from more dilute suspensions (105 PFU's/ml  (12)) 
and that when high multiplicities of infection, such 
to infectious units which is far greater than unity, 
so  that one  can  never  be certain  about  the  rela- 
tionship  of  cell-associated  virus  to  the  infectious 
process.  With these limitations in mind, the use of 
the  terms  "infection"  and  "infectious  process" 
has been avoided in discussing the results. 
I~GURE 15 
Adenovirus  7  attached  to  the membrane of a  microvillus of an L  strain cell.  This interaction appears 
identical with that observcd when HeLa  cells  are the  host.  X  80,000. 
as  those  used  here,  are  employed  the  resulting 
multiplication  of  adenovirus  type  2  yields  high 
titres  of  infectious  particles  (20).  It  can  be  as- 
sumed,  therefore, that the morphological evidence 
presented  describes  in  general  the  infectious 
process.  But the limitations of technique imposed 
on  this work,  and  any  other  of its kind,  make  it 
impossible to follow the fate of a  particular infect- 
ing  particle  to  its  destiny,  especially  when  an 
additional complication in identifying the virus is 
introduced  by having a  ratio  of physical  particles 
Adsorption 
Several  lines  of evidence  suggest  that  the  con- 
tact between the ceil surface and the "capsomeres" 
of the two types of animal viruses, described above, 
represents adsorption rather than an artifact such 
as might result from mere drying.  Following fixa- 
tion,  the cells and associated virus are  pelleted  at 
low speed and most of the free virus particles are 
removed  with  the  supernatant.  Although  the 
centrifugal fields are kept constant, the concentra- 
Figs.  16  to  24 show examples of adsorption  and  transfer of adenovirus into HeLa 
cells, as revealed in thin sections. 
FIGtrRE 16 
Three  particles  on  the  membrane  of a  cell  sampled  1  hour  after  inoculation.  The 
hexagonal shape of this virus, observed in unfixed preparations, has been maintained. 
X  48,500. 
FIGm~E 17 
Enlargement of a  portion of Fig.  16 showing that the fine structure of the virus in thin 
sections is comparable to that of particles examined by "negative staining." X  160,000. 
FIGURE 18 
Portion of the nucleus (N) and cytoplasm of a cell sampled 2 hours after virus was added 
to  the culture.  Two  particles,  each within a  membrane-hounded vesicle,  are present 
near the cell membrane.  Closer to  the nucleus virus particles  are being packed  into 
larger, membrane-bounded inclusions. The small clump of dense material within the 
nucleus, indicated by an arrow, might be the remains of a  virus particle.  X  30,000. 
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gressively  greater  between  the  time  when  cells 
and virus are mixed and at 3 hours, when the last 
sample  is  taken.  These  morphological  observa- 
tions, showing an increase in cell-associated virus, 
are in agreement with data on the disappearance 
of free adenovirus 7 from suspension. Furthermore, 
repeated  washing of cells which  had  been  incu- 
bated  in the  presence of virus for  1 hour  brings 
about  the  removal of only insignificant numbers 
of cell-associated particles (12). Thus, in addition 
to constituting a protective coat the "capsomeres" 
probably function as adsorptive units. 
In whole mounts, whenever adenovirns capso- 
meres  contacting  the  cell  were  clearly  resolved, 
it was found that the virus was attached by several 
of its  surface  units,  implying either  that  at  the 
time  of  collision  single  contact  is  sufficient  to 
anchor the virus to its host and additional bridges 
subsequently develop, or that firm attachment can 
be  achieved  only if  several  capsomeres  are  ad- 
sorbed  simultaneously. In either  case,  the  entire 
virus  surface  seems  to  possess  an  equivalent 
capacity  for  attachment,  unlike  the  situation in 
many bacteriophages in which only the tail fibers 
are  thought  to  be  responsible  for  the  initial 
adsorption. 
Whether each "capsomere 1'' ofvaccinia or ade- 
novirus is  a  single molecule or,  as  in the case of 
turnip yellow mosaic virus  (21),  an aggregate  of 
smaller  subunits,  is  not  known  at  present.  The 
apparent  stretching  and  bending  of  adenovirus 
capsomeres, described in Results, which is evident 
in  both  virus-to-virus  and  cell-to-virus  linkage, 
suggests that the units of the viral shell, or capsid, 
are  composed  of  a  contractile  protein,  perhaps 
containing  sulfhydryl  groups.  Such  groups  are 
believed to play a role in the attachment of other 
virus particles (10, 29, 39). It should be mentioned, 
however, that although the infectivity of influenza 
virus, a  particle possessing surface units morpho- 
1 The tubules on the surface of vaccinia may not 
be homologous with the capsomeres of adenovirus. 
logically distinct from those of the present viruses, 
is  markedly  reduced  by  sulfhydryl  reagents,  its 
adsorptive  powers  are  unaffected  by  these  com- 
pounds (10).  In this connection it should be men- 
tioned that some workers consider that the primary 
virus-to-cell  attachment  is  effected  by  electro- 
static  bonds,  the  main interacting groups  being 
the  amino  group  of  the  virus  and  the  strongly 
acidic phosphate  group of the  cell surface  (2). 
The morphological character  of viral receptors 
at the cell surface is unknown. These receptors, at 
least for the enteroviruses, are not confined to the 
outer membrane but are also present on internal 
membranes, such as those of the microsomes (26). 
A tightly bound protein moiety of the membrane- 
lipoprotein is apparently required for maintenance 
of receptor function. Such a  component might be 
represented by a  portion of the fine fibrils which 
are  revealed  as  a  complex  meshwork  in  whole 
mounts of cells prepared  by "negative staining." 
The  observations  made  above,  that  adenovirus 
adsorption  to  cells  undergoing  mitosis  is  un- 
affected,  suggest  that  adsorptive  sites  on  cells 
undergoing such  profound  physiological changes 
are not destroyed. 
No  generalization can  be  made  regarding  the 
specificity of adsorption of animal viruses. Results 
presented here show that adenovirus 7, of human 
origin, is adsorbed  to cells of human and murine 
origin, although it multiplies only in the former. 
The virus of murine encephalomyocarditis has also 
been shown to be adsorbed to and to multiply in 
both HeLa and strain L  cells (30).  On the other 
hand, several primate enteroviruses which do not 
multiply  in  non-primate  cells  also  are  not  ad- 
sorbed  to  these  foreign hosts  (33).  Ability to  be 
adsorbed  is, therefore,  not  necessarily  related  to 
a  capacity for  reproduction in a  foreign host,  as 
shown here  and also in the  case  of vaccinia and 
fowl plague viruses (1). 
Uptake of Virus 
Although no generalization is possible in regard 
FIGURE  19 
Portion of the nucleus and cytoplasm of a cell from a sample preserved 3 hours after 
inoculation Ten membrane-bounded packets of virus are clearly evident in the cyto- 
plasm. X  26,000. 
FIQURE g0 
A single packet of virus shown at a  higher magnification. Within the membrane the 
virus particles are closely packed in:the same manner as they are in the whole mounts 
(Figs.  12, 13).  X  85,000. 
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entering  the  host cell may prove  to  be  the same 
for all animal viruses, as suggested by observations 
made  previously  on  vaccinia  (11),  and  by  those 
presented  here.  Preliminary  studies  indicate  that 
Reovirus  is  taken  up  in  the  same  manner  (12). 
Phagocytic  activity of cells of the  squamous  epi- 
thelium has  also been implicated in the initiation 
of infection by foot-and-mouth-disease virus  (41). 
The  electron  microscopical  evidence  showing 
virus  ingestion  by host  cells,  presented  here,  was 
anticipated by many years in experimental studies 
of Fazekas  de  St.  Groth  (16),  who  deduced  that 
infection  by  influenza  virus  was  initiated  by  a 
phagocytic  uptake  of the  virus which  he  termed 
"viropexis." On the other hand,  from an analysis 
of the early myxovirus-host cell interaction Rubin 
and  Franklin  (43)  concluded  that  infecting New- 
castle  disease  virus  probably  does  not  enter  the 
cell  by  phagocytosis.  Ability  of  animal  cells  to 
ingest  a  variety  of  particulate  materials  is,  of 
course,  well known  and  includes  the ingestion of 
bacteria  (19),  of amorphous  cell debris of heterol- 
ogous ribosomes  (12),  and  of DNA-protein  parti- 
cles (5). Uptake and transport in bulk, as originally 
postulated  by  Palade  (38),  and  later  formulated 
into a  hypothesis by Bennett  (4),  appears  to be a 
widespread  activity among animal cells.  In many 
cases,  incorporation  is preceded  by concentration 
at  the  cell  surface,  as  shown  by  light  (7)  and 
electron  (8)  microscopy, using fluorescent protein 
or molecules containing heavy metals as markers. 
Similar events are thought to occur in the uptake 
of a  low molecular weight protein such as RNAse 
(45).  Simple inorganic salts and nucleic acids also 
stimulate  pinocytotic  or  phagocytic  activity  in 
protozoa  (32).  Recent  work  in  this  laboratory 
has  shown  that  in  vivo  epithelial  cells  of  the 
glomerular capillaries likewise concentrate ferritin 
(in  this  case without  prior  adsorption  to  the  cell 
membrane)  first within  pinocytotic vesicles. Sub- 
sequently,  this  protein  is  transported  to  larger 
vacuoles  which  eventually  are  transformed  into 
dense inclusion bodies by a  progressive condensa- 
tion of materials (I 5).  Interaction between animal 
viruses and ceils, studied here, appears to progress 
in a  similar manner. 
Such phagocytic activity could account for  the 
uptake  of almost any particulate material of suit- 
able  size,  including  infectious  viral-nucleic  acid, 
and  might  explain  why  RNA  extracts  from 
primate  enteroviruses  will  initiate  multiplication 
in  foreign  non-primate  hosts,  although  the  virus 
formed  is  unable  to  be  adsorbed  to  the  foreign 
host  (25).  "Viropexis"  of  incomplete  or  empty 
vaccinia and adenovirus, reported here, might also 
help to explain why heat-inactivated  or denatured 
pox virus of one  type may be sheltered  and  then 
lqkGURE 21 
Portion of an infected cell in mitosis sampled 2 hours after virus inoculum was  added 
to the culture. Arrows point to a virus particle on the cell membrane and to a  packet 
of virus lying at the periphery of the chromosomes,  X  9,000; also shown in the insert 
at a  higher magnification,  X  21,000. 
F~Gm~ES ~  To 24 
Portions of the nucleus and cytoplasm of three cells sampled 2 hours after mixing virus 
and cells. 
l~GtmE ~ 
A  single virus particle lying freely in the cytoplasm near the nuclear membrane  and 
in front of the nuclear pore is indicated by the arrow on the right.  Perhaps  another 
particle lies at a point of nuclear invagination (left arrow).  X  43,000. 
FIGURE 23 
An  arrow  points  towards  two  dense  particles,  possibly  viruses,  within  the  nucleus. 
X  30,000. 
I~IGUnE 24 
Arrows indicate several virus particles lying freely in the cytoplasm close to the nuclear 
membrane. Portion of a virus packet is also shown.  X  28,000. 
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days later (28). 
IntraceUular  Virus 
Following "viropexis" single particles and small 
dusters  of  vaccinia,  either  contained  in  vesicles 
or free in the cytoplasm,  are present in much the 
same  sites  as  those  in  which  formative  stages  of 
multiplying  virus  are  later  found  (ll).  Intra- 
cellular  distribution of adenovirus is  quite  differ- 
ent. Near the cell surface this virus, either in single 
particles or groups of several,  is contained within 
vesicles  formed  by  the  cell  membrane.  Deeper 
in the cytoplasm adenovirus is packed  into larger 
inclusions.  Free  particles  of virus  are  found  only 
deep  in  the  cytoplasm,  close  to  the  nuclear 
envelope. Since large groups of virus are not found 
near the cell surface,  either  1 hour after inocula- 
tion or  2  hours  later,  it  appears  most likely  that 
the  large  virus  inclusions  result  from  the  coales- 
cence  of  a  number  of  smaller  vesicles.  Lack  of 
evidence  of free  virus  anywhere  but close  to  the 
nucleus  suggests  that  these  free  particles  are 
released  from the larger  inclusions.  It is possible, 








A  diagrammatic  interpretation of the  infectious process  initiated by  adenovirus  7  in  HeLa  cells. 
Stages 1 and 2 were  observed 1 hour  after  adding virus  to the cultures; stages 3 to 6  were found 2 
hours  after  the  addition  of virus. Since the intranuclear particles have not  been identified conclu- 
sively  as  adenovirus, stage  7  in  this scheme is still doubtful. 
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penetrates  directly  through  the  membrane.  If a 
release  of  vaccinia  and  adenovirus  from  their 
membrane-enclosed  locus  does  actually  occur, 
information  which  might  explain  the mechanism 
of  such  a  release  is  almost  completely  lacking. 
Although  the  presence  of enzymes in  either vac- 
cinia  or  adenovirus  has  not  been  established, 
vaccinia has been shown to be capable of adsorb- 
ing  several  animal-cell  enzymes,  including  a 
lipase  (24).  It is conceivable that such adsorption 
concentrates a membrane-destroying lipase on the 
virus surface in sufficient amounts  to bring about 
its release from the "trap" in the virus packet. It is, 
perhaps,  at this stage that most of the adenovirus 
7  particles  fail  to  break  out  of their  "trap"  and 
never  initiate  foci of virus  multiplication.  Eluci- 
dation of these problems might come from future 
studies  concerned  with  an  analysis  of lysosomal 
enzyme  activities soon  after  virus  is  taken  up  by 
the  host  and  with  estimates  of  infectious  virus 
which  might  be  present  within  cytoplasmic 
inclusions. 
As  judged  by  measurements  of  size,  there 
appears  to be  no loss of viral material  from par- 
ticles  found  either  on  the  outer  membrane  or 
anywhere  within  the  cytoplasm.  The  regular 
packing  of  adenovirus  within  some  inclusions  is 
the same as that observed in isolated virus suspen- 
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